The ventilatory apparatus is analogous to a mechanical system composed of an engine coupled to a pump. The engine comprises the chest wall and the diaphragm, while the pump embraces the airways and the lungs. Although the two units operate as a single assembly, their functions are distinct. The engine converts metabolic energy into mechanical work; the pump translates this work into a rhythmic exchange of air.
final two minutes of each period the ventilation was measured and collections of expired gas were made. Two samples of this gas were analyzed for oxygen and carbon dioxide; duplicate analyses were required to check within 0.03 volume per cent.
In each of the experimental periods, the subject breathed at a frequency of 30 breaths per minute by following the rhythm set by a metronome. This frequency was chosen because the subject could achieve a large minute volume of ventilation with a small tidal volume of air. Although the size of the tidal volume did not affect the measurement of energy, it appeared to be an important factor in the measurement of work. The reasons for this importance are outlined in Part b of this section; they indicated that measurements of work were most reliable when the tidal volumes were small.
The data from those experiments in which the respiratory quotients lay outside the range of 0.70 to 0.95 were discarded. The data from the remaining runs were plotted on coordinate axes, and the curve that provided the best visual fit was drawn through the points ( Figure  1 , A). Since such a curve did not directly indicate the total oxygen used for breathing, this quantity was estimated by following these steps: 1) The oxygen used for quiet breathing at a frequency of 30 was calculated by multiplying the slope of the lowermost end of the curve by the resting ventilation. 2) This product was subtracted from the resting oxygen uptake to define a baseline value. Then 3) the total oxygen used for breathing at any level of ventilation was estimated by subtracting this value from the oxygen uptake measured during hyperpnea. In effect, this resolved the total oxygen uptake into two components: a nonrespiratory component which was assumed to stay constant, and a respiratory component which became larger as the ventilation increased.
The oxygen used for breathing was converted to equivalent kilogram-meters (Kg. M.) of energy by multiplying the respiratory component, expressed as cc. 02 per minute, by the factor 2.06 (3) . Implicit in the use of this factor were the premises that the oxygen was utilized solely for the combustion of fat and carbohydrate, and that these foodstuffs were consumed in such proportions that the respiratory quotient had an average value of 0.8. b) Estimation of the mechanical work performed on the lungs. The mechanical work performed on the lungs was estimated from the areas of pressure-volume diagrams. For the construction of these diagrams it was necessary to know the change in the volume of the lungs and the difference in pressure between the mouth and the pleural space. Changes in volume were measured by graphic integration of the signal of a Mead-Silverman pneumotachygraph. A preliminary study of this instrument indicated that its response was linear for flow rates between 0 and 190 L. per minute, and that its calibration was not perceptibly altered when the fraction of oxygen in the calibrating mixture was varied between 16 and 25 per cent, and the fraction of carbon dioxide between 0 and 8 per cent. But despite this insensitivity to changes in gas composition, other factors-notably temperature, water vapor and the respiratory quotient-caused the inspired and expired volumes to differ by sufficient amounts to preclude the construction of closed-loop pressure volume diagrams. The effects of these factors, previously analyzed by Mead and Whittenberger (4), were such that when dry gas was inspired at a temperature of 240 C. and under a pressure of one atmosphere, the change in the volume of the lungs was about 10 per cent greater than the volume of air entering the mouth. During expiration the temperature of the gas leaving the mouth was about 320 C. (4) , and the volume measured by the pneumotachygraph was about 3 per cent smaller than the actual change in the size of the lungs. Thus, the expired volume usually exceeded that inspired by approximately 7 per cent.
To minimize the disparity between these volumes, we converted each to a B.T.P.S. value by using the measured temperature of the inspired gas mixture and by using 32°C. as the approximate temperature of the expired gas. In most instances these conversions minimized the difference between the volumes to the extent that the small remaining discrepancy could be ignored.
The other variable needed to construct pressure-vol-
.250f- ( i.e., the difference between peak inspiratory and peak expiratory pressures) averaged over at least 10 respiratory cycles, and 2) the mean pressures obtained by planimetric integration of the pressure records.
Nine patients, each with either a spontaneous or an induced pneumothorax, were studied. The agreement of the swings in pressure are presented in Figure 2 . The construction of the curve of agreement in Patient W.S. is shown in Figure 2 , A, and the curves of all nine patients are shown in Figure 2 , B. These curves indicated that the agreement was independent of the stimulus used to increase ventilation, and that the correlation was best at low tidal volumes when the swings in pressure were small. Because the correlation became less and less satisfactory as the tidal volume became larger, all studies of efficiency were carried out at a frequency of 30 breaths per minute. As previously mentioned, this frequency allowed the achievement of a large minute volume of ventilation with a small tidal volume of air.
In general, the correspondence between the mean pressures in the two spaces was poor. At rest the mean intraplueral pressure referred to the mouth varied between -1 and -5 cm. H20, while that in the esophagus varied between + 5 and -3 cm. H20. Moreover, the relationship between the mean pressures in any single patient was frequently inconstant and was almost always altered, sometimes to a considerable degree, when the minute volume of ventilation was changed. For example, in the patient whose data are plotted in Figure  2 , A, the mean pressure in the esophagus referred to the mean pressure in the pleura varied between -1 and + 5 cm. H2O when different stimuli were applied. These results support those published previously by Cherniack, Farhi, Armstrong and Proctor (9) .
Because the correlation between the mean pressures was not satisfactory, pressure-volume diagrams were con- $ TLC = total lung capacity. § RV = residual volume.
structed in the conventional manner on the assumptions that: 1) The pressure difference across the lungs at the start of inspiration was zero, and 2) the muscles of the chest and abdominal walls contributed to the work of expiration only when the intraesophageal pressure during expiration exceeded that at the start of inspiration. The errors introduced by these assumptions are considered in the Discussion. The values of work calculated for the different levels of hyperpnea were used to construct curves relating work to ventilation. Typical curves are shown in Figure 1 , B.
c) The calculation of efficiency. Efficiency was calculated by dividing the mechanical work performed on the lungs per minute by the corresponding energy consumption. Multiplication of this value by 100 allowed the values of efficiency to be expressed as percentages.
SUBJECTS
The ages, body surface areas and body weights of the subjects are presented in Table I . With a single exception (C.B.), all of the subjects were men.
Group I-Normal subjects. Four members of the laboratory staff and three patients with minimal apical tuberculosis served as controls. The three patients were asymptomatic and had been ambulatory for several months prior to the time when the tests were performed.
Group II-Patients weith chronic pulmonary emphysema.
This group was composed of six patients who exhibited the clinical, roentgenologic and physiologic signs of moderate or advanced chronic pulmonary emphysema, but who had no evidence of cysts. The results of the pulmonary function tests, presented in Table II , indicated that each of the patients had a smaller than normal maximum breathing capacity and a larger than normal ratio of residual volume to total lung capacity. Four pa-1 1 Ht = hematocrit.
¶ Sa02 = arterial blood oxyhemoglobin saturation.
** pH8 = serum pH.
tt PaCO2 = arterial blood carbon dioxide tension.
tients had arterial blood oxygen unsaturation at rest, and two of these four had elevated blood tensions of carbon dioxide.
Group III-Obese patients. Five obese patients who complained of dyspnea on exertion were included in this group. The results of the pulmonary function tests and the arterial blood studies are shown in Table II . Patient A.H. presumably suffered from arteriosclerotic heart disease and had been in congestive heart failure one year previously. At the time of the study he had been maintained satisfactorily for nine months on a regimen which included a low salt diet, weekly injections of Mercuhydrin® (meralluride) and a daily dose of digitalis.
RESULTS
The results are presented in Tables III, IV and V. The tabulated numbers were obtained from curves such as those drawn in Figure 1. 
a) Energy used for breathing
The total energy used for resting ventilation by the normal subjects varied between 0.8 and 1. In accord with previous observations, the work required for any particular minute volume was larger in the patients with emphysema than in the normal subjects. Although the values were possibly different at the frequency of 30 than they would have been for the same minute volume respired at a lower frequency, the calculated amounts of work correspond to those previously reported for patients with disease of comparable severity.
The work performed on the lungs was abnormally high in only two of the obese patients. In the remaining three, the values were of the same order of magnitude as those recorded for the subjects in the control group.
c) Efficiency
The values of efficiency calculated for the normal subjects are plotted in Figure 3 . In general, the efficiencies were maximal during resting venti- Figure 4 . Using the work performed per square meter of surface area as a reference, we found that three of the patients realized efficiencies comparable to those of the normal subjects, while the remaining three had efficiencies at the lower end of the normal range. These observations suggest that the chests of the patients with emphysema performed a given amount of work on the lungs with efficiencies not greatly different from normal. It is important to recognize, however, that this amount of work represents a large swing in pressure for a small change in volume. Hence, for any particular amount of work, the patients with emphysema derived a much smaller tidal exchange.
As can be see in Figure 5 , the efficiencies of the 
MECHANICAL WORK PERFORMED ON THE LUNGS (W) IN THE FIVE OBESE PATIENTS
The hatched area defines the locus of the curves of the normal subjects. obese patients at all work loads tended to be lower than those found either in the normal subjects or in the patients with emphysema. Since the mechanical work performed on the lungs was either normal or only moderately increased, the reduction in efficiency was due to an abnormally high energy cost. (2) is based on the assumption that the extra oxygen used during augmented ventilation primarily reflects the extra oxygen utilized by the respiratory muscles in amplifying the excursions of the chest. This assumption seems reasonable, and the application of the principle has provided considerable information about the energetics of ventilation in both health and disease. However, the accuracy of the method is difficult to evaluate. For instance, the curves drawn in Figure 1 , A represent visual averages of points that show considerable scatter, and near the resting level this scatter can markedly affect the estimates of both the change in the oxygen used for breathing and the total oxygen cost. During augmented ventilation, the scatter constitutes a smaller fraction of the respiratory component, and the oxygen used for breathing can be calculated with more confidence.
Comparable difficulties attend the calculation of the mechanical work performed on the lungs. This calculation is based on the concept that such work is done whenever the application of a pressure difference across a body produces a volume change. Hence,
where W = mechanical work, P = pressure difference, and dV = incremental volume change.
When this relation is used to calculate the work performed on the lungs, two features must be recognized: 1) P is the difference in pressure existing between the mouth and the pleura; and 2) the use of a single value of P, such as that measured between the mouth and a point on the pleural surface, necessitates assuming that the pressure difference across the lungs is everywhere the same. Both of these features assume importance whenever the pressure in the esophagus is substituted for that in the pleura. Because the mean pressures in the two spaces are not well correlated (9, 10) In (A), the tidal volume was 0.7 L., and in (B), 1.1 L.
be plotted on the assumption that the pressure difference across the lungs at the start of inspiration is zero (10) (11) (12) (13) (14) . The validity of this assumption is questionable, and its theoretical effect is illustrated in Figure 6 . In the drawing, the pressure-difference between the mouth and the pleura at the start of inspiration is indicated by the vertical distance ab, and the work of inspiration is represented by the area abcdefa. If, when using the esophageal pressure, ab is assumed to be zero, then the work of inspiration is represented by the area ac'efa. In the latter instance, the work delineated by the hatched area is neglected, and the calculated work is less than that actually performed. To The discrepancy between the mean pressures in the esophagus and pleura also complicates the measurement of the work performed by the chest wall in deflating the lungs. Considerable evidence indicates that the work of a quiet expiration is accomplished by the elastic recoil of the pulmonary tissues, and in such an expiration the intrapleural pressure should remain less positive than the pressure of air at the mouth. By way of contrast, a forced expiration or an expiration against resistance can produce such positivity, indicating that work is being performed on the surfaces of the lungs. But since the mean pressure in the pleura is poorly correlated with that in the esophagus, the latter is an unreliable index of the point at which the reversal in sign takes place. In the present study, the element of active expiratory work was taken into account in the customary manner by using the positivity of the intraesophageal pressure above that at the start of inspiration as an indication that active work was being performed. Theoretically, this procedure can introduce an error into the calculation, and practically, the magnitude of this error cannot be directly assessed.
Finally, the use of esophageal pressure to calculate work also necessitates making the previously mentioned assumption that the drop in pressure across the lungs is everywhere the same. The validity of this assumption is questionable when applied in normal subjects, and it is especially suspect in patients with lung disease. If the pressure were different at different points on the lung surface, the calculation of work would necessitate first measuring the pressure and the volume change at each point on the pleura, and then substituting these values into Equation 2). w = fPdVi + P2dV2 + * * * PndVn. 2) Such measurements are not feasible, and if they could be made, the calculation of work would be discouragingly complex.
For all of the aforementioned reasons, we believe that the use of esophageal pressure for estimating the work performed on the lungs may introduce errors of considerable magnitude, and we share the opinion of others that increments of work, rather than absolute values, may have the most validity. B) Efficiency with which the wvork on the lungs is accomplished The efficiency of the ventilatory apparatus has been considered in six previous publications. Rahn The efficiency of the chest wall and diaphragm of seven normal subjects was less than 7 per cent. The efficiency of these structures in six patients with emphysema was not greatly different at any particular work load, although this work produced a smaller exchange of air.
By way of contrast, five obese patients had values of efficiency which tended to be low. Since these low values were attributable to inordinately high energy costs, the data are best explained by presuming that this extra energy was required to move the adipose tissues overlying the chest and abdominal walls. The possibility that the muscles were abnormal cannot be excluded, although there is no evidence to support this view. Whatever the reason for the extra energy consumption, its expenditure presumably contributed to the dyspnea these patients experienced on exercise.
